Fe-Cu-Nb-Si-B alloy nanocomposite containing two ferromagnetic phases (amorphous phase and nano phase phase) has been obtained by properly annealing the as-prepared alloys. High resolution transmission electron microscopy (HR-TEM) images have shown the coexistence of these two phases. It is found that Fe-Si nano grains are surrounded by the retained amorphous ferromagnetic phase. Mössbauer spectroscopy measurements have showed that the nano phase is the D03 type Fe-Si phase, and has been employed to find the atomic fractions of resonant 57 Fe atoms in these two phases. The microwave permittivity and permeability spectra of Fe-Cu-Nb-Si-B nanocomposite have been measured within 0.5-10 GHz. Large relative microwave permeability values have been obtained. The results show that the absorber containing the nanocomposite flakes with a volume fraction of 28.59 % shows good microwave absorption properties. The reflection loss of the absorber is less than -10 dB within the frequency band of 1.93 -3.20 GHz.
Introduction
Electromagnetic properties (permittivity and permeability) of magnetic materials are important for the performances of many electronic devices operating at high frequency [1] [2] . For example, the electromagnetic noise suppression in the field of electromagnetic compatibility (EMC) requires the materials having large magnetic losses or dielectric losses [3] [4] . With increasing the operation frequencies of electronic devices upward to gigahertz (GHz), for instance, wireless local area network system (2.4 GHz) and active radio frequency identification label (2.45 GHz), it is imperative to develop materials which have good electromagnetic properties. It is well known that the spinel ferrites (Mn-Zn, Ni-Zn ferrites) or the hexagonal ferrites (Z-type or W-type) are the common magnetic oxides for the electromagnetic wave attenuation applications because of their high resistance and large magnetic losses arising from the natural resonance at radio frequencies (e.g. 1 MHz-300 MHz) or microwave frequencies (e.g. 500 MHz -3 GHz) [5] [6] [7] , respectively. However, in comparison with ferromagnetic alloys, these ferrites suffer from some severe shortcomings, such as worse temperature stability, lower Curie temperature, and smaller saturation magnetization (Ms) value [8] . These shortcomings hinder their applications at high frequency or in some harsh environment. The metallic ferromagnetic alloys do not have these shortcomings. But they suffer from the large eddy current effect at high frequency, especially at microwave frequency band. Some have tried to coat the ferromagnetic particles with non-magnetic layers [9] [10] . Although the non-magnetic layer can reduce the eddy current effect, but the outer coating is non-ferromagnetic, which will not be helpful for attenuating incoming EM wave via the mechanism of magnetic losses. Therefore, here we speculate to develop a core-shell nanocomposite consisting of both ferromagnetic phases. It is well known that the amorphous ferromagnetic alloys have larger resistivity values than those of crystallized alloys [11] .
If the amorphous phase forms a core shell on a nanocrystalline grain, the eddy current This is a manuscript of an article from Chinese Physics B 23 (2014): 083301, doi: 10.1088/1674-1056/23/8/083301. Posted with permission. effect should be able to be greatly alleviated for this nanocomposite. Fe-based nanocrystalline magnetic alloys are one of soft ferromagnetic materials with excellent properties, which are usually employed as the magnetic core materials with low magnetic loss at the frequency around 1 kHz -1 MHz [12] [13] [14] . In this paper, we plan to develop a nanocomposite which have an amorphous phase and a nanocrystalline phase, and investigate their electromagnetic wave attenuation properties within the frequency range of 0.5 -10 GHz. the frequency range of 0.5 -10 GHz based on the transmission/reflection approach by inserting the sample into a coaxial waveguide.
Experimental details

Results and discussions
In order to find the nanocrystallization temperature for the as-prepared ribbons, DSC measurements were taken, as shown in Fig. 1(a) . Two exothermal peaks can be found. One is at 530 °C (called Tx1). The other one is at 672 °C (called Tx2). Tx1 is called the primary crystallization temperature. Tx2 is called the secondary crystallization temperature. In order to form nano scale grains, the as-prepared ribbons were annealed at 540 0 C, which is between Tx1 and Tx2. It is reported that nanoscale Fe(Si) grains can be formed [15] . XRD patterns shown in Fig. 1 The halo in the SAED pattern indicates the existence of the amorphous phase. HR-TEM images of these two phases are shown in Fig. 2(c) and (d). The spacing of (220) plane of Fe-Si nano grains is found to be about 2.0 Å, see Fig. 2 (c). Crystal defects have also been found, as pointed out in the zones labeled "A" and "B" in Fig. 2(c) . More importantly, it is evidenced in Fig. 2(d) that the nano grains are surrounded by the amorphous phase, such a core-shell nanostructure is what we intend to obtain and is believed helpful to alleviate the eddy current effect at GHz frequency. For Fe(Si) alloy, the occupancy of Fe and Si atoms in the crystal lattice can be random or ordered [16] . discrete spectral components with narrow lines originating from various Fe positions in the D03 type Fe-Si lattice. For our nanocomposite, four kinds of Fe atom environments can be classified according to Fig. 2(d) and the schematic presentation shown in Fig. 3(a) . The first case (I) is that Fe atoms locate in Fe-Si nano grains, which can be represented by several discrete sextets. The second case (II) is that Fe atoms constitute the outer surface of a nano grain. The third case (III) is that Fe atoms situate in the interface between two nano grains or between the nano grain and the amorphous phase. The fourth case (IV) is that Fe atoms locate in the amorphous matrix with disordered atomic arrangement, which is not directly contacted with the nano grains. The second case (II) and the third case (III) are usually classified as the interface zone [17] . Fe atoms in this zone have the randomly disordered neighboring atoms.
Therefore, a distribution hyperfine interactions model should be used to fit for Fe atoms located in the regions of II, III and IV. The superlattice of Fe-Si is shown in Fig. 3(b) , which consists of "A" lattice with sites occupied by Fe atoms, and "B" lattice with sites occupied by Fe and Si atoms. For each atom in "B" lattice, it has eight Fe atoms as its nearest neighbors. For each Fe atom in "A" lattice, it has a varying number of nearest-neighbor Fe or Si atoms depending on the Si concentration. The Mössbauer spectrum of Fe-based nanocrystalline alloy is shown in Fig. 4 . Clearly, the fittings and the experimental data of Mössbauer agree very well, see Fig. 4(a) Table 1 . The hyperfine magnetic fields (Bhf) we have obtained for these four discrete sextets are very close to those reported by others [16, 18] . "1" denotes the case of 8 Fe atoms as the nearest neighbor of a resonant 57 Fe atom, which can be simply marked as "8Fe0Si". In the same way, "2" denotes the case of "6Fe2Si". "3" denotes the case of "5Fe3Si". "4" denotes the case of "4Fe4Si". For each kind of neighboring occasions, the hyperfine magnetic field acting on the resonant 57 Fe atoms is given in Table 1 . As for the 57 Fe atoms in the zone having random neighboring atoms (Fe, Cu, Nb, Si and B), the distribution of hyperfine interactions parameters (Bhf and isomer shift) are shown in Fig. 4(b) . Clearly, the value of the hyperfine magnetic field mainly falls within the range of 10 -40 Telsa. The distribution of hyperfine interactions originates from two regions, i.e. region II and III shown in Fig. 3(a) . The relative areas for each sextet reveal the possibilities of each surrounding, which are also given in The electromagnetic properties of Fe-Cu-Nb-Si-B nanocomposites are shown in Fig. 5 .
The dependence of relative complex permittivity on frequency is shown in Fig. 5(a) . It is found that the variation of permittivity is not obvious within the frequency range of 0.5 -4 GHz. Besides, the high frequency dielectric loss is insignificant within this frequency range. However, it is observed that the complex permeability significantly varies with the frequency. A wide magnetic loss peak (i.e. µ"∼ f ) are obviously seen in Fig. 5(b) . Once the dependences of permittivity and permeability on frequency have been measured, the electromagnetic wave (EM) absorption of an absorber containing these ferromagnetic flakes with the reported nanocomposite features can be evaluated by the following equations. The properties of EM absorption are characterized by the reflection loss (R. L.) [19] [20] [21] .
. . = 20 |( − 0 )/(
, where "Zin" is the input impedance of the absorber, "Z0" is the impedance of the free space, "t "is the thickness of an absorber, and "c" is the speed of light. The results in 
Conclusions
The as-prepared Fe-Cu-Nb-Si-B alloys are found to be amorphous. Nanocomposite 
